HEPATOCYTE GROWTH FACTOR (HGF) and its receptor c-met are expressed in tubular epithelia such as the kidney, pancreas, and breast, where they are believed to play a role in the morphological events of development and repair following injury. HGF regulates many morphogenic changes of epithelial cells including elongation (30) and migration (10) . In epithelial cells established from murine collecting duct (mIMCD-3 cells), HGF specifically induces scattering, branching morphogenesis, and migration (6) . The ability of HGF to stimulate branching has been suggested to be important in normal ureteric bud arborization during kidney development (44) , whereas its effects on migration and development of a tubular architecture have been proposed to explain its positive effects on repair of the injured renal tubule (27) . However, the mechanism whereby these morphological effects are regulated is not fully understood.
Binding of HGF to c-met results in phosphorylation of the cytoplasmic domain of c-met and activation of numerous signaling pathways including MAP kinase and phosphoinositide 3-kinase (PI 3-K). After stimulation of these pathways, two classes of signals are activated: local effectors that regulate the machinery of cell morphogenesis [such as the small GTP binding proteins rac and rho (40) and the focal adhesion proteins FAK and paxillin (24) ], as well as downstream signaling intermediates such as STAT3, ERK, and Akt that regulate gene expression (33) .
To determine which genes HGF is regulating during the process of epithelial morphogenesis, we performed a microarray analysis of mIMCD-3 renal epithelial cells following stimulation with HGF. We found that several genes are upregulated by activation of c-met, one of which is the chemokine KC. This protein, also known as cytokine-induced neutrophil chemoattractant (CINC), growth-related protein ␣ (Gro-␣), and CXCL1, is a secreted factor that acts as a neutrophil chemoattractant (53, 54) . Deletion of KC's receptor, CXCR2 (22, 45) , results in mice deficient in inflammatory responses (4, 49) and neutrophils that are unable to migrate across epithelial cells (11) . In addition, repair of wounded epithelium in these knockout mice is delayed compared with control mice (8, 26) . In the present study, we report that HGF stimulates the secretion of KC by renal epithelial cells and that KC can act directly on these cells in an autocrine fashion to inhibit HGF-stimulated morphogenesis via downregulation of sustained PI 3-K/Akt activation.
EXPERIMENTAL PROCEDURES
Materials. The mIMCD-3 cells are derived from the mouse inner medullary collecting duct (38) and were maintained in DMEM/F-12 with 10% fetal calf serum and used between passages 17 and 30. Anti-ERK 1 and 2, anti-phospho-ERK 1 and 2, and anti-Akt antibodies were purchased from Cell Signaling Technologies (Beverly, MA). The anti-phospho-Akt and anti-CXCR2 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-KC antibody was purchased from R & D (Minneapolis, MN). The anti Gab-1 antibody and type I rat tail collagen were purchased from Upstate Biotechnology (Lake Placid, NY). HGF, protein A Sepharose, and tri-reagent were purchased from Sigma (St. Louis, MO). The LY-294002 compound was purchased from Calbiochem (Santa Rosa, CA). PVDF membranes were from Millipore (Immobilon-P, Millipore, Bedford, MA). GeneScreen membranes were purchased from New England Nuclear Research Products (Boston, MA).
Microarray. RNA for microarray analysis was prepared from control mIMCD-3 cells and cells stimulated with HGF for 8 or 24 h via a two-step purification protocol: tri-reagent was used for initial purification, followed by final purification using the RNeasy Midi Kit as per the manufacturer's instructions (Qiagen, Valencia, CA). Purity was followed by visual analysis on formaldehyde-agarose gels and by verification that A 260/280 ratios were greater than 1.8. The resulting purified RNA was used for hybridization in an Affymetrix analysis and in a glass slide microarray analysis of gene expression, both carried out by the Keck Foundation Biotechnology Resource Laboratory at Yale University. The glass slides were prepared by the Keck Foundation Biotechnology Resource Laboratory and contain the mouse NIA15K gene set consisting of ϳ15,000 unique cDNA clones (ϳ50% from novel genes) obtained from preembryonic, embryonic, and newborn mice with an average size of 1.5 kb (47) . The murine U74 A chips used in the Affymetrix analysis contain sequences from ϳ6,000 est's and ϳ6,000 known genes (Affymetrix, Santa Clara, CA).
Northern analysis. RNA was prepared as above using tri-reagent. Two micrograms of total RNA from each time point were separated on a formaldehyde-agarose gel and transferred to a GeneScreen membrane. To prepare the probes, single-stranded cDNA was prepared from mIMCD-3 total RNA using SuperScript II reverse transcriptase as recommended by the manufacturer (Invitrogen, Carlsbad, CA). With this cDNA as the substrate, KC and GAPDH sequences were synthesized via PCR for use as probes. Primers for GAPDH were 5Ј-GTGAAGGTCGGTGTGAACGG and 3Ј-GGCCCCTCCTG-TTATTATGG; product size: 1,127 bp. Primers for KC were 5Ј-GATTCACCTCAAGAACATCC and 3Ј-CAAGACATACAAACA-CAGCC; product size: 551 bp. Twenty-five nanograms of each PCR product were labeled with [␣-32 P]dCTP using Exo(Ϫ) Klenow (Prime-It II, Stratagene, Cedar Creek, TX). Probes were incubated with membranes in formamide hybridization buffer; membranes were then washed and subjected to autoradiography. Membranes were stripped using an aqueous SDS solution for subsequent reprobing. GAPDH expression was used to normalize loading of total RNA.
RT-PCR. To verify expression of CXCR2 in mIMCD-3 cells, a single-step RT-PCR was performed according to the manufacturer's instructions (Invitrogen). Primers for CXCR2 were 5Ј-GGTCAA-GTTTGTGTGCATAG and 3Ј-CAGTCTCTGGTAATGATGCC; predicted product size: 674 bp. Primers for ␤-2 microglobulin were 5Ј-CTCGCGCTACTCTCTCTTTCTGG and 3Ј-GCTTACATGTCT-CGATCCCAC; product size: 337 bp.
Western analysis. Cells were serum-starved for 24 h before stimulation with the appropriate factors for the indicated times. Cells were then lysed in ice-cold RIPA buffer (20 mM Tris, pH 7.4; 160 mM NaCl; 1 mM EDTA; 1 mM EGTA; 1 mM DTT; 1% Triton X-100; 1% sodium deoxycholate) with the following protease and phosphatase inhibitors: 0.5 g/ml leupeptin, 0.5 g/ml pepstatin, 10 mM NaF, 1 mM PMSF, and 0.4 mM NaVO4. After 15 min at 4°C, lysates were centrifuged at 14,000 g for 15 min, and the supernatants were stored at Ϫ80°C. Protein concentrations were determined using the Bradford assay, and 40 g of whole cell lysates were used unless otherwise noted. Samples were boiled 5 min in ␤-ME-containing sample buffer and separated via SDS-PAGE. Proteins were transfered to PVDF membranes, blocked with 5% milk/TBST (100 mM Tris, pH 7.5; 0.9% NaCl; 0.1% Tween 20) , and hybridized with the appropriate antibody. Visualization of proteins was accomplished with horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence (Pharmacia, Piscataway, NJ).
Cell migration. Migration assays were performed using a modified Boyden chamber assay as previously described (7) . Briefly, a 48-well bottom plate (Neuro Probe, Cabin John, MD) was filled with DMEM/ F-12 medium containing the appropriate factors. The well was overlaid with a rat-tail collagen type I (Collaborative Biomedical)-coated polycarbonate filter with 8-m pores (Nucleopore). The top compartment was connected, and 1.5 ϫ 10 4 cells suspended in DMEM/F-12 containing the appropriate factors were added to the top of each well. After 4 h of incubation at 37°C, the filters were removed, stained with Diff-Quik (Baxter Healthcare), and cells remaining on the top of the membrane were mechanically scraped off. Cells that had passed through the pores were counted to determine the number of cells per millimeter squared of membrane. Each well represents an n of 1, and each experiment was repeated at least three separate times. P values were determined using an unpaired Student's t-test.
Collagen assay of branching morphogenesis. mIMCD-3 cells were harvested by trypsinization, washed in 1% serum/DMEM-F-12 medium, and counted. Collagen solution was prepared as follows: type I rat tail collagen was mixed with 10% 1 M HEPES buffer, pH 7.3, and 10% 10ϫ MEM at 4°C. Cells were added to a final concentration of 1.5 ϫ 10 5 cells/ml, and 100 l of the mixture were aliquotted into each well of a 96-well plate. The solution was allowed to polymerize for 15 min at 37°C, and 100 l of DMEM-F-12 containing 1% serum and the appropriate growth factor were added to the well. The plates were incubated for 6-24 h at which time ϳ50 cells/well were randomly counted to determine the total number of processes. The number of processes was divided by the total number of cells counted to obtain the average number of processes per cell, with each well representing an n of 1. In the PI 3-K inhibition experiments, the supernatant containing the HGF was removed after 2 h and replaced with the same medium containing HGF and the inhibitor LY-294002 at the indicated concentration. The LY-294002 was dissolved in DMSO to give a stock concentration of 50 mM. In the long-term assay, cells were added to a final concentration of 1.5 ϫ 10 5 cells/ml into a mixture of 70% collagen (prepared as described above) and 30% Matrigel (Collaborative Biochemical, Bedford, MA) prepared as an 80:20 mixture of Matrigel and 150 mM NaCl. After polymerization, DMEM-F-12 medium containing 3% serum and the appropriate growth factors was added to the well, and the cells were maintained in culture for 8 days with a medium change every 3 days.
Analysis of PI 3-K activity. Lysates of mIMCD-3 cells stimulated with 40 ng/ml HGF were precleared for 30 min at 4°C with 30 l of a 50% protein A-Sepharose slurry in phosphate-buffered saline/0.02% NaN3 followed by overnight immunoprecipitation at 4°C with 2 g of anti-Gab1 antibody. The antibody was then precipitated with 40 l protein A-Sepharose and washed three times with lysis buffer. Immunoprecipitates were collected by centrifugation and washed twice with PBS containing 1% Nonidet P-40 and 100 M Na3VO4, twice with 100 mM Tris, 500 mM LiCl 2, 100 M Na3VO4, pH 7.5, and twice with 10 mM Tris, 100 mM NaCl, 1 mM EDTA, and 100 M Na 3VO4, pH 7.5. The pellets were then resuspended in 50 l of the final wash buffer containing 12 mM MgCl2 and 20 g of phosphatidylinositol (Avanti Polar Lipids). To start the PI 3-K reaction, 10 l of 40 M ATP containing 30 Ci of [ 32 P]ATP were added to each pellet, which was then incubated at room temperature for 10 min. The reaction was stopped by the addition of 20 l of 8 M HCl, and the lipids were extracted using 160 l of CHCl3:MeOH (1:1). The phases were separated by centrifugation, and 50 l of the lower organic phase were spotted onto a glass-backed silicon thin-layer chromatography plate. The lipids were resolved by thin-layer chromatography in MeOHCHCl3-H2O-NH4OH (60:47:11.3:2) and visualized using a Storm PhosphorImager.
Cell proliferation assays. Cells were plated at a density of 5 ϫ 10 4 /well in a 96-well plate in 100 l of serum-free DMEM/F-12. The supernatant was removed the next day and replaced with medium containing either HGF, KC, or both at the indicated concentrations. To inhibit the CXCR2 receptor, the specific inhibitor SB-225002 (Calbiochem) was added at a concentration of 100 nM in the indicated experiments. This compound has a greater than 150-fold specificity for CXCR2 compared with five other similar receptors (56) . Twentyfour hours later, 10 l of the WST-1 proliferation reagent (Roche, Indianapolis, IN) were added to each well. The WST-1 reagent is a tetrazolium salt that is cleaved by mitochondrial dehydrogenase to formazan. The amount of formazan directly correlates with the number of metabolically active cells in the culture (14, 15) . After 2 h, this cleavage product was read at 415 nm with the reference wavelength set at 655 nm. This absorbance, corrected for absorbance of the medium, is shown as the proliferation index.
RESULTS

HGF stimulates expression of KC.
A glass slide-based microarray analysis of mIMCD-3 cells carried out after 24 h of stimulation with 40 ng/ml HGF showed specific regulation of 28 messages. One of these sequences corresponded to KC, a 6-to 8-kDa (58, 59 ) CXC chemokine that has traditionally been studied in the context of immune regulation (1). We also used Affymetrix technology to analyze this process and again observed upregulation of KC, this time at 8 h. A Northern blot analysis confirmed these observations (Fig. 1A) ; HGF stimulates a 2.3-fold increase in the KC message after 8 h (normalized to GAPDH), which then decreases to baseline levels by 48 h after stimulation. Because KC is a secreted protein, we analyzed supernatants from HGF-treated cells to determine KC expression. Secretion of KC is apparent after 8 h of HGF stimulation and increases with time, even after the message has decreased to a baseline level (Fig. 1B) . In addition, control cells show no detectable secretion of KC until the 48-h time point, despite the presence of basal KC message expression.
To determine whether mIMCD-3 cells expressed the CXCR2 receptor for KC, we used PCR and Western blot analysis. Reverse-transcriptase PCR of mRNA from mIMCD-3 cells with primers designed to amplify murine CXCR2 demonstrated a single band of the appropriate size that was present only following the addition of reverse transcriptase ( Fig. 2A) . In addition, Western blot analysis revealed the 45-kDa protein product of the CXCR2 gene in lysates from these cells (Fig. 2B) .
KC inhibits HGF-stimulated epithelial morphogenesis. The expression of both the KC ligand and its receptor by mIMCD-3 cells suggested the possibility of an autocrine effect of KC on these cells. Because KC is a known chemoattractant for leukocytes, we examined the effect of KC on mIMCD-3 cell migration and branching morphogenesis. In contrast to its promigratory effects on leukocytes, addition of KC to renal epithelial cells had no significant effect on basal rates of branching process formation (Fig. 3A , quantitated in 3B) or cell migration (Fig. 3D) , although there was a tendency for both migration and branching morphogenesis to decrease slightly with KC treatment. However, in cells treated with HGF, simultaneous addition of KC caused a dose-dependent decrease in both HGF-stimulated branching morphogenesis (Fig. 3A , quantitated in 3B) and cell migration (Fig. 3D) . At a dose of 50 ng/ml, KC inhibited HGF-stimulated cell migration by ϳ50% and branching process formation by ϳ60%. Preincubation with KC for 30 min before the addition of HGF resulted in a similar degree of inhibition of HGF-stimulated morphogenesis (data not shown). Examination of a time course of the effect of KC revealed that KC inhibited HGF-stimulated branching morphogenesis within 6 h (Fig. 3C) .
To determine the effect of inhibition of initial branching process formation on long-term tubule formation, we examined the in vitro HGF-stimulated formation of tubules in the presence and absence of added KC. In the absence of HGF, small multicellular cystic structures were the predominate morphology seen in both control and KC-treated cells (Fig. 4, left) . As previously described, treatment with HGF results in elongated multicellular tubular structures with multiple branch points and nascent lumens, whereas treatment with HGF and KC results in structures that have fewer branches and are consistently shorter than those seen with HGF alone (Fig. 4, right) . Thus, similar to the effects of transforming growth factor-␤ (43) and endostatin (18) , KC can negatively regulate HGF-stimulated epithelial branching and additionally appears to regulate tubule length.
In contrast to its inhibitory effects on epithelial morphogenesis, KC treatment stimulated basal epithelial cell proliferation (Fig. 5A) . This is in keeping with previous results in alveolar epithelial cells (9) and gastric epithelial cells (46) . Furthermore, addition of KC to HGF-treated cells had neither an additive nor an inhibitory effect on HGF-mediated prolifera- tion. Addition of the CXCR2 inhibitor SB-225002 decreased KC-mediated proliferation to control levels ( Fig. 5B ) but had no effect on HGF-stimulated proliferation (Fig. 5C ), demonstrating that this proliferative effect is mediated by the KC receptor. In cells plated in a collagen matrix, KC only modestly induced proliferation (Fig. 5D ). Of note, the experiments shown in Fig. 5A were performed at a separate time and with separate aliquots of mIMCD-3 cells than those in Fig. 5, B-D,   Fig. 4 . Long-term assay of branching morphogenesis. mIMCD-3 cells suspended in a collagen/Matrigel mixture were cultured Ϯ40 ng/ml HGF and Ϯ50 ng/ml KC for 8 days. Representative multicellular structures are shown. Fig. 3 . Influence of KC on epithelial cell morphogenesis. A: single-cell branching morphogenesis assay. mIMCD-3 cells suspended in a collagen matrix were treated Ϯ40 ng/ml HGF and Ϯ50 ng/ml KC and representative cells were photographed after 24 h. B: process formation by cells treated as in A was quantitated as described in EXPER-IMENTAL PROCEDURES; n ϭ 3 wells. *P Ͻ 0.008 compared with control ϩ 0 ng/ml KC. **P Ͻ 0.04 compared with HGF ϩ 0 ng/ml KC. This figure is representative of 3 separate experiments. C: time course of branching. The experiment was performed as in A and scored at the indicated times. D: cell migration assay. A modified Boyden chamber analysis was used to measure motility of mIMCD-3 cells exposed to 40 ng/ml HGF Ϯ 50 ng/ml KC. *P Ͻ 0.001 compared with control. **P Ͻ 0.001 vs. HGF alone. This figure is representative of 3 separate experiments.
presumably explaining the difference in the basal rates of proliferation. These results suggest that the addition of KC to mIMCD-3 cells results in cross talk between the signaling pathways downstream of the KC receptor and the c-met receptor that specifically interrupts morphogenic signaling events without disrupting other signaling pathways.
KC treatment does not prevent HGF-mediated c-met receptor activation.
Binding of HGF to c-met results in receptor dimerization and autophosphorylation, initiating the receptor's signaling cascade. Pretreatment with KC does not diminish the HGF-stimulated autophosphorylation of c-met (Fig. 6A) , demonstrating that KC is not acting to prevent HGF from binding to its receptor. After receptor phosphorylation, SH2 domaincontaining proteins such as Grb2, the p85 subunit of the PI 3-K, and phospholipase C␥ are rapidly recruited to the receptor (or to the associated docking protein Gab1) and activated. Because activation of both Erk (downstream of Grb2) and PI 3-K is necessary for HGF-mediated cell migration and branching morphogenesis (7, 19) , we analyzed the effect of KC addition on the activation of these signaling intermediates. Cells were stimulated for 10 min with HGF in the presence or absence of KC, and cell lysates were immunoblotted with an antibody to the activated form of ERK. These experiments revealed that KC addition did not inhibit HGF-stimulated phosphorylation of either ERK1 or ERK2 at this early time point (Fig. 6B) . Similarly, treatment with KC did not alter initial PI 3-K activation 10 min after stimulation with HGF, as judged by either activation of the downstream kinase Akt (Fig.  6C) or PI 3-K enzyme activation (Fig. 7A) .
KC inhibits sustained activation of the PI 3-K. It has been recently demonstrated that the duration of activation of signaling pathways such as MAPK and PI 3-K can determine whether stimulation of those pathways results in cell division or cell differentiation (32, 37) . HGF treatment resulted in peak stimulation of ERK activation at 10-30 min, with sustained activation at ϳ45% of peak for at least 4 h, an effect that was not inhibited by addition of KC (data not shown). We also examined the long-term activation of the PI 3-K pathway in mIMCD-3 cells. Stimulation with HGF resulted in the expected initial activation of the PI 3-K at 10 min (Fig. 7A) , correlating with peak activation of Akt at the same time point (Fig. 7B, quantitated in 7C) . Activation of Akt decreased over the next 90 min but was then sustained at ϳ50% of the initial level of activation for up to 4 h after HGF treatment (Fig. 7, B  and C) . In contrast, when mIMCD-3 cells were stimulated with HGF in the presence of KC, activation of the PI 3-K and Akt declined progressively and returned to baseline levels by 4 h after HGF stimulation (Fig. 7, A-C) .
Because addition of KC decreased the sustained, but not the initial, PI 3-K activation after HGF treatment, we investigated the possibility that sustained PI 3-K activation was required for HGF-stimulated branching morphogenesis. To study this possibility, we used the synthetic compound LY-294002 that inhibits PI 3-K by binding specifically to the ATP-binding site A: cell proliferation was measured 24 h after culture of Ϯ40 ng/ml HGF and Ϯ50 ng/ml KC as described in EXPERIMENTAL PROCEDURES. This figure is representative of 3 separate experiments. B: the CXCR2 inhibitor SB-225002 was added at a concentration of 100 nM to cells treated with 50 ng/ml KC in the proliferation assay described above. *P Ͻ 0.007 compared with 50 ng/ml KC. This figure is representative of 3 separate experiments. C: SB-225002 (100 nM) was added to cells treated ϮHGF (40 ng/ml) and the rate of proliferation was determined as above. D: cells were suspended in collagen matrix (described in EXPERIMENTAL PROCE-DURES) and grown Ϯ50 ng/ml KC for 24 h. Cell proliferation was then assayed as described above. *P Ͻ 0.04 compared with control.
of the catalytic subunit of PI 3-kinase (51). Addition of LY-249002 to the mIMCD-3 cells 2 h after the addition of HGF resulted in a decrease in the amount of Akt phosphorylation to control levels by 4 h after HGF treatment (Fig. 8A) and caused marked inhibition of HGF-mediated branching at 24 h, mimicking the effect of KC (Fig. 8B) . The delay in loss of Akt activation is presumed to be due to the rate of entry of LY-294002 into the cells and the rate of dephosphorylation of PI 3,4,5 P 3 and Akt itself. A time course of branching morphogenesis revealed that addition of LY-294002 as late as 6-8 h after HGF stimulation resulted in loss of branching (Fig. 8C ). These results demonstrate that sustained PI 3-K activation is required for HGF-mediated cell branching.
DISCUSSION
In this study, we found that HGF stimulation of a renal epithelial cell line resulted in production of the chemokine KC and that this chemokine can act to influence the normal effects of HGF on epithelial morphogenesis, suggesting that KC can act in an autocrine fashion in these cells. An autocrine role for KC in endothelial cells was noted in a study by Wen and co-workers (55) in which they demonstrated that KC could upregulate its own expression. However, to date there have been no reports of an autocrine effect of KC in epithelial cells.
In addition to its established role as a neutrophil chemoattractant, KC has also been found to act as a growth factor in some cell types. Driscoll et al. (9) showed that rat KC can induce proliferation in alveolar epithelial cells and Suzuki et al. (46) found the same in gastric epithelial cells. KC was separately identified as a necessary growth factor for melanocytes and termed melanocyte growth-stimulatory activity (2, 39) . Melanocyte-derived tumors engineered to produce higher levels of KC give rise to increased infiltration of host CD31ϩ blood vessels, leading to the proposal that KC is a positive regulator of angiogenesis (25) , possibly by stimulating proliferation and/or migration of endothelial cells. The proliferative effects of KC are believed to be due to activation of the nuclear factor-B transcription factor (52) in a process that leads from KC-stimulated serine phosphorylation of the COOH terminus Fig. 7 . KC decreases long-term HGF-mediated activation of the phosphoinositide 3-kinase (PI 3-K) and Akt phosphorylation. A: immunoprecipitation of the Gab-1/PI 3-K complex was performed at the indicated times after HGF stimulation Ϯ KC treatment. Immunoprecipitates were assayed for the in vitro activity of the PI 3-K by phosphorylation of PI to form PI3P. B: time course of Akt activation. Lysates of cells treated for the indicated times with 40 ng/ml HGF Ϯ 50 ng/ml KC were analyzed for activated Akt (pAkt) and total Akt (tAkt). C: results of 3 separate experiments carried out as in B were quantitated for Akt phosphorylation, normalized to total Akt levels. *P Ͻ 0.03 compared with HGF at 180 min. **P Ͻ 0.04 compared with HGF at 240 min. Fig. 6 . Analysis of HGF signaling intermediates. A: cells were treated Ϯ40 ng/ml HGF and Ϯ50 ng/ml KC for 10 min followed by immunoprecipitation of c-met and immunoblotting with ␣-phosphotyrosine (pTyr). B: lysates of cells treated for 10 min with HGF (40 ng/ml) and the indicated concentrations of KC were subjected to Western blot analysis to detect ERK phosphorylation (pERK), and reprobed to detect total ERK present in the lysate (tERK). C: lysates of cells treated for 10 min with HGF (40 ng/ml) and the indicated concentrations of KC were subjected to Western blot analysis with an activation state-specific anti-Akt antibody (pAkt) and reprobed to determine total Akt present in the lysate (tAkt).
of CXCR2 (31) to activation of heterotrimeric G proteins (57) and p38 MAP kinase (52) . Consistent with this effect on other epithelial cell types, we found that KC stimulates proliferation in renal epithelial cells (Fig. 5) , suggesting that this same pathway downstream of CXCR2 may be activated in response to KC.
In contrast to its ability to induce proliferation in epithelial cells, Unemori et al. (50) found that KC had no affect on the proliferation of rheumatoid synovial fibroblasts. In addition, KC induced a dose-dependent decrease in the expression of interstitial collagens but had no effect on collagen-degrading metalloproteinases or on tissue inhibitors of metalloproteinases. Thus KC appears to be capable of inducing cell typespecific regulation of cell migration (neutrophils), proliferation (epithelial cells), or matrix expression (fibroblasts).
As opposed to its direct stimulatory effects on mIMCD-3 cell proliferation, we found that KC inhibits HGF-mediated migration and branching, while having little effect on baseline morphogenesis. Examination of branching process formation in real time reveals that HGF stimulates the cells to begin process extension within 4-6 h and that these processes will retract unless contact is made with a process from an adjacent cell (data not shown). Cells that fail to make contact continue to extend and retract processes at a predictable rate such that the total number of processes/cell reaches a steady state at ϳ12 h (see Fig. 3C ). Based on the constant degree of inhibition of HGF-stimulated processes by KC, it appears that KC inhibits the rate of HGF-stimulated process extension. Examination of the mechanism of this effect reveals that KC does not prevent HGF-mediated phosphorylation of the c-met receptor or the initial activation of downstream signaling pathways such as the PI 3-K and MAPK. However, examination of a time course of PI 3-K activation reveals the sustained activation of the PI 3-K and Akt following HGF treatment is prevented by KC.
We previously demonstrated that single-cell branching morphogenesis correlates with the ultimate development of multicellular branching tubule formation (34) , and it is well known that activation of the PI 3-K is necessary for this process. Constitutively activated PI 3-K increases tubulogenesis (21) , and addition of the PI 3-K inhibitors wortmannin or LY-294002 at the time of HGF stimulation has been shown to inhibit renal epithelial cell branching (7), epithelial mammary gland cell branching (35) , and ureteric bud outgrowth (48) . Our finding that KC inhibited the sustained phase of PI 3-K activation rather than initial activation led us to investigate the possibility that HGF-stimulated morphogenesis was specifically dependent on sustained PI 3-K activation. Jones et al. (17) showed that the PI 3-K undergoes two peaks of activation in response to platelet-derived growth factor: an initial, rapid peak and a later, more sustained activation required for cellcycle progression. This group has also shown that activation of the PI 3-K is responsible for a large portion of the chemotactic response by this receptor (41) . In the present study, the addition of LY-294002 as late as 8 h after HGF stimulation resulted in inhibition of the sustained phase of PI 3-K activation and caused inhibition of branching similar to that seen with the addition of KC, demonstrating that the transient activation of the PI 3-K is not sufficient to mediate branching morphogenesis.
One of the hallmarks of HGF-stimulated tubulogenesis in vitro is the formation of multiple branch points (6) . This branching effect has been proposed to play a role in the development of arborized tubular organs such as the kidney and lung. Indeed, HGF-induced branching morphogenesis of the renal ureteric bud can be greatly reduced by addition of a neutralizing antibody specific for HGF (44) , and exogenous HGF stimulates branching morphogenesis of the fetal lung, whereas neutralization of HGF results in inhibition of branching (36) . However, unregulated branching during development results in abnormalities of the kidney and eventual renal dysplasia (5) . Thus negative regulators of branching morphogenesis such as endostatin, BMP2, and TIMP2 have been shown to play an important role in the normal development of these organs (3, 12, 18) . The present results suggest that HGF-stimulated KC production may serve a similar function to downregulate branching during tubule development.
Another setting where it may be even more important to limit branching morphogenesis is during the repair of existing tubular structures. After renal tubular necrosis, multiple growth factors including HGF, EGF, and IGF-1 are upregulated as part of the repair process (13, 16, 20, 23, 28) . These growth factors are believed to mediate cell migration, proliferation, and reformation of the intact renal epithelium. However, the propensity for HGF to stimulate metalloproteinase activation and branching morphogenesis might be expected to result in attempts by these cells to degrade the tubular basement membrane and form new branch points within the damaged tubule. Therefore, the local secretion of negative regulators of branching morphogenesis would be predicted to play an important role in this setting.
KC is also upregulated during renal injury (42) where it has been proposed to play a role in the process of neutrophil infiltration and subsequent inflammation. Indeed, inhibition of KC-mediated neutrophil influx using a neutralizing antibody to KC decreases renal injury and improves survivability (29) . However, our results demonstrate that KC may play a beneficial role in the repair process as well. HGF-mediated upregulation of KC by injured tubular epithelial cells with subsequent autocrine stimulation of cell proliferation but inhibition of HGF-mediated branching may act to enhance repair while preventing the futile formation of new tubule branch points.
